In this paper we have used photoluminescence (PL) and wavelength scanning ellipsometry (WSE) to clarify the relationship among the electro-optical properties of copper indium diselenide (CIS) thin films, the type and origin of dominant defect states, and device performance, The PL study has revealed several shallow acceptor and donor levels dominating the semiconductor.
INTRODUCTION
The performance of the copper indium diselenide (CIS) polycrystalline thin film devices has evolved to the point where total-area device efficiency of 17.1% [I] and modules with demonstrated stability and conversion efficiencies exceeding 1 1 % have been reported [2] . However, an explanation of the observed variable behavior of this material, including the dependence of the device's performance on the junction and material quality, has not yet been established. Therefore, numerous investigations [e.g., Refs. have focused on the structure and chemistry of the chalcopyrite compound.
The improved device performance has been attributed to the formation of a surface layer on the CIS film [6, 7] , often called an ordered-vacancy compound (OVC) or chalcopyrite defect compound (CDC), resulting from optimized material processing. Detection and determination of the electro-optical properties of this very 0-7803-3166-4/96/$5.00 0 1996 IEEE thin (-500-A thick) layer is extremely important for understanding and modeling of device performance.
In this paper, the photoluminescence (PL) technique has been used to study the effect of this layer on the emission from CIS when this layer exists. To characterize the material further to understand its effect on the device behavior, the optical constants of the solarcell components (including window layers) as a function of wavelength have been measured using wavelength scanning ellipsometry (WSE). These data are essential for modeling the behavior of such a component and to ascertain the influence of composition and processing steps on the fundamental properties of materials.
EXPERIMENTAL METHODS
The PL measurements were taken on the bare surfaces of both thin films and single crystals (after Se diffusion) of CIS samples and through the window layer deposited on the absorber surface. WSE was used to monitor both the surface layer of the thin film and the interfacial layer between the window and the absorber of the complete device. PL emission from points at different depths from the surface of the CIS sample were obtained by changing the angle of incidence of the excitation laser beam. The resulting data were then used to determine the dominant defect states as a function of composition gradient of the chalcopyrite compound. The significance of the type of measurement is that it allowed the detection of the CDC layer if present on the surface of the CIS films.
The design of the WSE is based on a unique approach that consists of a stepper-motor-controlled rotating polarizer-fixed analyzer with an ac detection system to ensure accurate measurements of the ellipsometric parameters Y and A in a wide range of wavelengths. This approach exhibits several advantages over the commonly used rotating analyzer-fixed polarizer system, The rotating prism assembly is driven with a small flexible chain by a high-resolution stepper motor (12,800 steps per revolution). This allows precise positioning of the polarizer plate via an ES732 interface for integrated measurements.
An optical encoder provides an "absolute" position reference. To carry out ellipsometric measurements, a light from a 100-W tungsten-halogen lamp is polarized by a rotating prism after being collimated. After reflection from the surface of the sample under investigation, the polarized beam is directed to the fixed analyzer, and then to the monochromator. In this configuration, the system is able to collect an average of 24,000 data points at each wavelength, perform a Fourier analysis on the resulting intensity curves, and present a real-time plot in less than 20 s. The Fourier coefficients are then used to calculate Y and A.
RESULTS
The data resulting from PL emission from points at different depths below the surface of the CIS sample were used to determine the dominant defect states as a function of composition gradient at the surface of the chalcopyrite compound. The PL emission from the In-rich sample as shown by Fig. 1 demonstrates the emission from the top surface CIS layer of this sample. It is clear that the spectrum is dominated by three emissions of 1.26 eV, 1.22 eV, and 1.15 eV. The origin the emission peaks was determined from observing the change in the PL peak position and intensity with excitation power and the temperature at which measurements are carried out. These three peaks demonstrated a blue shift and an increase in intensity with increasing temperature and excitation power respectively. Therefore, they are identified as resulting from band-to-band recombination.
The detection of three band gaps suggests that the Inrich layer, formed on the surface of the CIS film by the defect compound Cui IngSeg, has a graded composition where the Cu content varies with depth. A donor-acceptor recombination peak at 1160 nm was also detected. The low-energy emission from deeper regions, measured at a slightly larger angle, shows the typical emission from a bulk CIS film that is attributed mainly to donor-acceptor recombination. The location and relative Concentration of these states depend not only on the chemical composition, but also on the processing steps and conditions.
An important need resulting from detecting the C U I In3Seg layer on the surface of the CIS semiconductor is the determination of its thickness and optical constants (n, k) as a function of wavelength. Careful ellipsometric measurements using WSE have shown that the average value of k, from measurements on CIS film that has this layer, is 1.2-1. 4 times the value measured from the bulk of the CIS absorber film The total thickness of this surface layer is about 250 A. determined from electron microprobe analysis is Cu10.461n34.3Se55.2, which has a slight Cu and In deficiency as compared to the ideal composition. Therefore, the lattice parameters are expected to shrink with respect to the ideal compound, and consequently the absorption will start at longer wavelengths [8] .
In an actual device, the CDC layer is segregated at the surface of the CIS absorber [9] . However, an abrupt change of composition is highly unlikely. The gradual change in composition from CulnSe2 to CullngSeg will result in a gradual change in the optical properties even within the defect-compound layer itself. The defect states and optical properties of the In-rich CDC layer, which is usually segregated on the surface of the absorber of high-quality CIS devices, are determined using both PL and WSE. Careful ellipsometric measurements using WSE have shown that the average value of k, from measurements on CIS film that has this layer, is 1.2-1.4 times the value measured from the bulk of the CIS absorber film. We also found that the thickness of this layer is about 250A and it has a gradual change of composition (Cu content) with depth, which results in a gradual change in optical properties. However, three main regions or sublayers are identified and three bandgaps at 1 26 eV, 1.22 eV, and 1 .I 5 eV are reported. The value of k varies from a maximum of 0.62 to a minimum near 0.25.
